Abstract: The quiescent Colli Albani volcano is composed of overlapping edifices, with each showing changes in volcanic style over the 600-ka history of the volcanic field. The edifices and changes in eruption style through time are indicated in the field by the major unconformities, which have been identified from surface geology and borehole stratigraphies. This reconstruction of the major unconformities allows for three-dimensional geometric reconstruction of the relevant rock packages, computation of the deposit volumes, and evaluation of syn-volcanic tectonic or volcano-tectonic activity. Furthermore, some rock packages, such as the Pisolitic Tuffs, the Tufo Lionato and the Albano maar deposits, are characterized by relatively low permeability, and are therefore essential for modelling of the hydrogeological circulation and flow of volcanic gases. The reconstructions of the isopachs of the three main caldera-forming ignimbrites erupted between 460 and 355 ka have allowed the calculation of their minimum preserved extracaldera volumes at 59 km 3 (Pozzolane Rosse), 20 km 3 (Pozzolane Nere) and 30 km 3 (Villa Senni Fm.) respectively. The total volume of volcanic deposits erupted after the last caldera collapse (,355 ka) is calculated as 34.7 km 3
The three-dimensional modelling of geological surfaces allows for the geometric reconstruction of relevant rock packages, which is important for the understanding of geological processes and for several other applications. In volcanic environments, the main unconformities and volcanotectonic structures are the most important features that can be reconstructed by means of surface and subsurface data.
The Colli Albani (central Italy) is a quiescent volcano located to the SE of the capital city Roma (Giordano et al. 2006a, b) . The increasing presence of human activities and settlements into the hinterland of Roma includes the Colli Albani, resulting in an increased 'human pressure' on the volcanic environment. In the last two decades, an increasing local population has resulted in a dramatic increase in the level of groundwater withdrawal from drill-holes, for both civil and industrial purposes, resulting in a significant depletion of the groundwater resource (cf. Mazza & Capelli 2010) . Furthermore, several areas subject to intense gas emissions are presently urbanized, which poses a major hazard to local inhabitants, both by direct exposure to volcanic gas (mainly CO 2 and H 2 S) and from the occurrence of gas outbursts from shallow high-pressure pockets intercepted during drillings (see Carapezza et al. 2010) .
In order to identify areas of potential accumulation of gas at shallow depth, Giordano et al. (2006a, b) performed a study funded by the Italian Civil Defence to reconstruct the three-dimensional geometry of relevant stratigraphic packages. This was done by integrating surface geology data and sub-surface stratigraphies that have been made available, particularly during recent decades, by the drilling of several thousands of boreholes for civil purposes.
Here we will present the computer-based reconstruction of the bases of the main ignimbrites at Colli Albani and of packages of volcanic rocks that may be relatively impervious to gas percolation. This reconstruction also allows the determination of the palaeo-topographic evolution of the volcano and to calculate the precise volume of the preserved deposits for each of the volcanic intervals analysed.
Previous studies on the sub-surface data in the Colli Albani area Data associated with drill-holes can include stratigraphy, water table elevation, chemistry, geotechnical and geophysical data, among others. Compilations of databases of drill-hole data have been made in the past to interpret the geological information within the known stratigraphic framework (e.g. Ventriglia 1971 Ventriglia , 1990 Ventriglia , 2002 . De Rita et al. (1992) and reconstructed in detail the main stages of the morphological evolution of the Colli Albani by reconstructing the isobath maps of the main ignimbrite bases (Tufo Lionato, Pozzolane Nere, Pozzolane Rosse and Pisolitic Tuffs) by comparing sub-surface data with the geological map by De Rita et al. (1988) . The stratigraphic data set was surveyed by the joint venture Agip-Enel for geothermal research purposes (unpublished data). These authors identified a major change in the palaeo-river network after the emplacement of the Pozzolane Rosse ignimbrite, which was computed as the largest to erupt from the volcano, with 34 km 3 of deposit. These findings were later used by Dobran (1994) and De Rita et al. (1995) to interpret also the structural and volcanological characteristics of the volcano. Other main sources of sub-surface stratigraphies derive from the large databases of Progetto Speciale -Cassa per il Mezzogiorno (1978) and the repository of the Italian Geological Survey (ISPRA) in compliance with Italian Law no. 464/84. Some local reconstructions have been made for hydrogeological purposes around the Albano maar lake (Capelli et al. 1998; Giordano et al. 2000) and for sustainable management of the use of this vital groundwater resource (Capelli et al. 2005) . Such comprehensive hydrogeological mapping includes the Colli Albani area and a large deal of data obtained from boreholes for the reconstruction of the hydrogeological complexes.
Methodology
A geodatabase was devised and implemented using ESRI ArcGis software to make a three-dimensional reconstruction of the relevant stratigraphic unconformities using all the available surface and sub-surface data from a range of different sources. The surface geology presented in the Colli Albani geological map attached to this volume (available at the DSG-UniRomaTre at the 1:10 000 scale; CARG project, Geological Map of Italy, sheets no. 374 Roma, no. 387 Albano, no. 388 Velletri and no. 375 Tivoli) has been 'draped' on the available DEM for the area (20 m resolution) in order to extract each geological limit in three dimensions.
Meanwhile, 1503 stratigraphies from boreholes were collected from different published and unpublished sources and geo-referenced (European Datum 1950 UTM33N) (Fig. 1) . These data can differ with regard to the descriptions, and details of the data can differ in time depending on the geologist who compiled the log and the analytical methods they used, as well as the age and the main aim of the drilling. Therefore, stratigraphies were validated based on location, elevation and reliability of descriptions, and then referred, where possible, to codified rock formations by attributing the same three-letter code used in the geological map (e.g. RED for the 'Pozzolane Rosse' ignimbrite). Data validation was given as a degree of confidence split into three categories: reliable, partly reliable and unreliable. Furthermore, in some cases, attribution was made to an informal rock succession rather than to a specific rock formation by introducing a four-letter code (e.g. PINF, where it is impossible from the borehole stratigraphy description to discriminate between the two lithologically similar 'Pozzolane Rosse' and 'Pozzolane Nere' ignimbrites). It is important to note that most of the collected data are from boreholes drilled in the ignimbrite plateau surrounding the caldera, and therefore the reconstructions refer to the extracaldera area (Fig. 1) .
Relevant geological cross-sections were also geo-referenced and used to constrain the trends of the main stratigraphic unconformities in areas were the surface geology allowed extrapolation at depth with significant detail and reliability.
Data analysis
Surface geology and sub-surface stratigraphy data were numerically treated with the SpatialAnalist tool in the ESRI/ArcView environment. Interpolations were made by producing TIN and then Lattice of the reconstructed surfaces, in areas where the combination of surface and sub-surface data was uneven. Alternatively, in areas where the data were well distributed and dense, an IDW interpolation was allowed. The reconstructed unconformities were selected in order to illustrate the main changes in volcanic activity, and to calculate the deposit volumes of the main ignimbrites erupted by the Colli Albani volcano.
Base of the volcanic deposits/base of Pisolitic Tuffs (c. 600 ka)
This surface represents the palaeo-topography at the onset of the volcanism at Colli Albani and allows for computation of the total volume of volcanic deposits by subtracting the present-day topography. The lowest volcanic succession that overlies this unconformity is the Pisolitic Tuffs succession . Figure 2 shows the reconstruction of this surface, calculated from 189 borehole data in which pre-volcanic sediments or rocks were described and the surface data that comprise the stratigraphic contacts between volcanic and pre-volcanic rocks in outcrop. Borehole data are very well distributed, whereas surface data are only available from distal zones, making the reconstruction more reliable in the medial and distal areas with respect to the area of the volcano presently occupied by the caldera.
The map shows an irregular pattern, characterized by highs and lows (Fig. 2) . The western sector is characterized by a relatively flat topography with elevations varying generally between 50 m and 25 m above sea level (a.s.l.). The area close to the coast is a relative topographic high, which corresponds to a Pliocene structural high identified by high-angle normal faults that bound the NE-trending Ardea graben (Fig. 2 , Pomezia rise; see Faccenna et al. 1994a; Giordano et al. 2002a, b; Giordano & The CARG Team 2010) . The NE-trending Ardea graben at 250 m r.s.l. (with respect to sea level) is separated from a more pronounced trough near Velletri town at 2100 m r.s.l. by a small relief with a NE-SW trend at 25 m a.s.l. Both the negative elevations and the sharp topographic gradients suggest the occurrence of tectonic or volcano-tectonic activity. Two small depressions are present to the north, one of which is 275 m r.s.l. This area corresponds to the Pantano Borghese pull-apart basin, related to N -S dextral faults that cross-cut the volcanic succession (Faccenna et al. 1994b) .
The eastern sector of the volcano, close to the Lepini and Prenestini Mts, is characterized by troughs as deep as 2125 m b.s.l. (below sea level). The topographic gradients of the palaeo-slopes are up to 6%, suggesting a tectonic control.
The minimum total volume of volcanic deposits of the Colli Albani volcano can be calculated easily by subtraction of the present-day topography from the base of the volcanics (Fig. 3) . The minimum estimation is 208.1 km 3 , depending on the calculation method (Table 1) . It must be noted that the calculated base of the volcanics within the presentday caldera area simulates pre-eruptive conditions, because no caldera was in place at the beginning of the volcanic activity. Therefore, the calculated total volume should be increased by the compound volume of intracaldera ignimbrites (see below), which is evaluated at c. Top of the Pisolitic Tuffs/base of Pozzolane Tuffs (c. 500 ka)
The lowest and less exposed rock succession at Colli Albani (600 -500 ka) was dominated by intermediate-volume phreatomagmatic ignimbrites (Poli ig., Tor de Cenci ig., Palatino ig., Casale del Cavaliere ig.; see Giordano & The CARG Team 2010) . The lithology of the ignimbrites is typically that of fine-grained, indurated ash-flow tuffs, and is therefore easily distinguishable even from nonaccurate descriptions of borehole stratigraphies. In contrast, the Pisolitic Tuffs ignimbrites may be relatively similar to one another, so any attempt to discriminate among them from descriptions of borehole stratigraphies can result in highly unreliable reconstructions. For this reason we selected the top of the Pisolitic Tuffs succession, because it contrasts lithologically from the overlying Pozzolane Tuffs deposits, which are instead dominated by coarse, largely incoherent, pozolanaceous ignimbrites. This unconformity also defines the first major change in volcanic style at Colli Albani with the transition from the dominantly phreatomagmatic Pisolitic Tuffs to the dominantly magmatic style of the overlying Pozzolane Tuffs (see Giordano & The CARG Team 2010) . Figure 4 shows the reconstruction of this unconformity, based on 376 stratigraphies of sub-surface data and from surface data, that is, the top of the Pisolitic Tuffs/base of the Pozzolane Tuffs.
The overall geometry of the reconstructed unconformity shows a configuration rather similar to the base of the volcanics. The Pomezia rise to the west can be easily recognized, with elevations averaging 50 m a.s.l., and similarly at the Pantano Borghese pull-apart basin where the top of the Pisolitic Tuffs is presently at 0 m r.s.l. The paleotopographic lows present in the eastern area close to the Apennine Mts appear filled with a maximum elevation of 400 m a.s.l., averaging at 200 m, with steep gradients. To the south, elevations drop to sea level around Velletri. To the west, the NE-trending Ardea graben is well defined, with elevations of -25 m r.s.l. The correspondence between the major palaeo-topographic highs and lows identified at the base and at the top of the Pisolitic Tuffs (namely the Pomezia rise, the Ardea graben, the Velletri trough and the Pantano Borghese pull-apart basin) strongly suggests a tectonic or volcano-tectonic origin, indicating that displacement occurred during the early phases of volcanism.
The reconstruction of the top of the Pisolitic Tuffs is also important for hydrogeological and gas hazard studies (see Mazza & Capelli 2010; Carapezza et al. 2010) . The Pisolitic Tuffs are almost impermeable and therefore act as a basal aquiclude for groundwater circulation in the overlying Pozzolane Tuffs and as a potential trap for upwelling CO 2 -rich fluids (see Todesco & Giordano 2010) . This map may therefore be used to indicate the depth at which potential gas eruptions may occur during drillings, as have occurred several times at Colli Albani (Carapezza & Tarchini 2007) . The minimum total volume of the Pisolitic Tuffs can be calculated by subtracting the top of the Pisolitic Tuffs from the base of the volcanics. The minimum estimation is 99.1 km 3 , which makes it a large proportion of the total volume.
Base of the Tufo Lionato ignimbrite (Villa Senni Fm.)/top of 'Pozzolane inferiori' (355 ka)
This unconformity relates to the low standing of the sea level at the isotopic stage 10 (see De Rita et al. 1992 . It is covered by the Tufo Lionato ignimbrite, which is the lower Member of the Villa Senni Formation, the eruptive sequence related to the last caldera-forming event of the Vulcano Laziale period at Colli Albani (Giordano & The CARG Team 2010) . The base of the Tufo Lionato has been reconstructed from 269 points from borehole stratigraphies and reliable and detailed surface data to depict this unconformity, as the Tufo Lionato base is very well exposed around the volcano ignimbrite plateau. The reliability of borehole data is generally very good, as the Tufo Lionato is a sintered red tuff, completely different from the underlying Pozzolane Rosse ig., Pozzolane Nere ig. (i.e. 'Pozzolane inferiori') and the overlying Pozzolanelle ig., which are incoherent, coarse-grained, and black to violet in colour.
The base of the Tufo Lionato covers a vast annular plateau around the central caldera, characterized by a moderate topographic gradient (Fig. 5) . To the west of the caldera the plateau is more or less regular, with elevations decreasing from c. 100 m a.s.l. down to sea level. A relative low can be recognized within the Ardea graben area, as low as 20 m a.s.l. Other depressions can be observed to the north at the Pantano Borghese pull-apart basin, where the elevation is 25 m a.s.l., and along the palaeo-courses of the River Tiber and River Aniene. In contrast, to the east of the volcano, the unconformity is also regular, sloping down from the caldera border and then up across the Apennine range, with elevations up to 425 m a.s.l.
Along the inner wall of the eastern caldera margin, the Tufo Lionato base is exposed and connects to the surrounding ignimbrite plateau with a rather steeply inclined slope, which covers a range of peri-caldera scoria cones formed after the Pozzolane Nere eruption (,407 ka), very similar to what is observed today above the Villa Senni Fm.
(see Giordano & The CARG Team 2010) . The unconformity is not calculated inside the caldera area because of lack of data.
The rather smooth plateau reconstructed at the base of the Tufo Lionato shows that most of the previously described highs and lows determined by tectonics or volcano-tectonics (Figs 2 & 4) were largely levelled out, with the exception of the Ardea graben and the Pantano Borghese pull-apart basin, which must have been active after 355 ka (see Faccenna et al. 1994b; Giordano et al. 2002a, b) .
The subtraction between the base of the Tufo Lionato and the top of the Pisolitic Tuffs allows the calculation of the 'Pozzolane inferiori' volume, that is, the informal stratigraphic interval dominated by two caldera-forming ignimbrites, the Pozzolane Rosse ig. (460 ka) and the Pozzolane Nere ig. (407 ka) (Fornaseri et al. 1963 ). The 3D GEOMETRY AND VOLUMES OF DEPOSITSminimum total preserved volume for the extracaldera sheet of the 'Pozzolane inferiori' is calculated at 55.5 km 3 (Table 1) . Other pyroclastic deposits and lavas are present within this interval, but the proportion in terms of volume with respect to the caldera-forming ignimbrite is very minor. Taking into consideration the average thickness of the Pozzolane Rosse and of the Pozzolane Nere based on field measurements (20 and 10 m respectively; see Giordano & Dobran 1994) 
Top of 'Villa Senni Fm.' (355 ka)/base of Faete and Tuscolano -Artemisio post-caldera deposits
This unconformity relates to a major disruption of the Colli Albani volcanic system that occurred after the Villa Senni caldera collapse at 355 ka, that is, the last caldera-forming event of the Vulcano Laziale period (Giordano et al. 2006a, b) . Along the peri-caldera ring faults there is a covering by the Tuscolano -Artemisio fissure system, but inside the caldera this covering is by the Faete stratovolcano (Fig. 6) . The top of the Villa Senni Fm. has been reconstructed with 274 points from borehole stratigraphies and surface data that are very well exposed around the volcano ignimbrite plateau. The reliability of borehole data is generally very good, as the Pozzolanelle ignimbrite that forms the topmost unit of the Villa Senni Fm. is a massive scoria and ash deposit and very different from the overlying strombolian scoria deposits and lava units forming the Faete and Tuscolano-Artemisio edifices.
The minimum volume of the deposits related to the last caldera-forming Villa Senni eruption sequence, which includes the Tufo Lionato and the Pozzolanelle ignimbrites, can be calculated by determining the volume between the base of the Tufo Lionato and the top of the Pozzolanelle ignimbrite. The minimum preserved extracaldera sheet volume is calculated at 23.1 km 3 . A more realistic figure, which interpolates areas where the deposits are eroded, allows calculation of a bulk volume of 30 km 3 . The DRE volume for these extracaldera ignimbrite sheets is 18 km 3 , taking the bulk rock density to be 1.6 g cm 23 (Funiciello & Giordano 2008a) , the average lithic content to be 10% and the dense magma density to be 2.45 g cm 23 (for tephri-phonolitic magma). Furthermore, considering the structural area of the Colli Albani caldera to be 8 Â 8 km 2 , the DRE volume of the extracaldera ignimbrites corresponds to a subsidence of 281 m, giving a reasonable bulk volume of the intracaldera ignimbrite of c. 18 km 3 . This volume is to be added to the extracaldera volume to sum to a minimum figure of 48 km 3 . It is important to note that the calculations of minimum volumes are estimates based on preserved deposits, to which volumes of distal eroded deposits, plus evaluation of ash elutriation, should be added. The estimation for the Villa Senni Fm. is in good agreement with a previous estimate of 50 km 3 (Watkins et al. 2002) . Subtraction carried out between the present-day topography and the top of the Villa Senni Fm. resulted in a minimum total compound volume of 34.7 km 3 for the Faete intracaldera stratovolcano and the Tuscolano -Artemisio peri-caldera fissure system (Table 1) .
Base of the Albano maar succession (c. 70 ka)
The Albano maar is the youngest centre of the Colli Albani volcano (Funiciello et al. 2003) . It is polygenetic, with seven major eruptions that occurred from nested craters, which presently host a 167-m-deep lake, and several Holocene to historical lahar episodes related to lake overflows (De Benedetti et al. 2008; Anzidei et al. 2008) . The products of the maar are phreatomagmatic in origin and largely made of indurated ash-dominated deposits, which are lithologically known in the literature as 'peperini' (see Giordano et al. 2002a, b; Giordano & The CARG Team 2010) .
The reconstruction of a base map of the Albano maar deposits is important for the calculation of deposit volumes erupted during the most recent phase of the Colli Albani volcanism (,70 ka; see Freda et al. 2006) . It is also important because the very fine grain size of the deposits makes them relatively impermeable to water and gas. The base map is therefore of interest for civil protection purposes, as this is the area where gas pockets occur close to the surface and gas releases are likely to occur, as was the case in 2000, just north of the Albano lake (Vigna Fiorita locality, Carapezza et al. 2003) . Figure 7 shows the isobath map of the Albano maar deposits, reconstructed from 165 borehole stratigraphies and the mapped areal extension of the deposits. Data from borehole stratigraphies are reliable, as the ash-dominated and largely indurated lithology of the phreatomagmatic surge and fall deposits are very clearly defined from the underlying lavas and scoria fall deposits associated with the intracaldera Faete stratovolcano and pericaldera S. Maria delle Mole edifices (see Giordano & The CARG Team 2010) .
The map illustrates well the maar deposits blanketing a volcano palaeo-topography, which slopes gradually from SE to NW, with elevations ranging from 654 m a.s.l. down to 50 m a.s.l. north of Ciampino town. The inclined topography justifies the heterogeneous distribution of the deposits, with a more widespread downslope (i.e. to the west) rather than an upslope. Just north of the NW edge of the crater, it is possible to observe the deposits, which overlay the Monte Crescenzo scoria cone with elevations up to 350 m a.s.l.
To the NW, the percent inclination of the palaeo-topography progressively levels out from 3 -4% of the upper reaches, to 2% of the area around Ciampino occurring between 240 m and 50 m a.s.l. This is where the laharic plain created by the most recent deposits from the Albano lake overflows was emplaced during the Holocene (Funiciello et al. 2003; De Benedetti et al. 2008) .
The reconstruction of the isopach map of Albano maar (Fig. 8 ) is relatively easy with knowledge of the base, as the deposits are the most recent of the Colli Albani and therefore constitute the presentday topography. A maximum thickness of 125 m occurs at the crater wall, and the total preserved volume of the Albano phreatomagmatic deposits is 0.9 km 3 , a figure that is comparable with that proposed previously (De Rita et al. 1995; Giordano et al. 2006a, b) .
Summary and conclusions
The Colli Albani volcano is one of the few volcanoes in the world where stratigraphies from boreholes have been used together with surface geology data to reconstruct, in detail, the threedimensional geometry of relevant rock packages and unconformities. This paper presents the first computer-assisted reconstruction of the main unconformities that developed during the 600-kalong history of the volcano, based on the collection and interpretation of 1503 geo-referenced borehole stratigraphies, and the three-dimensional rendering of the surface geology of the Colli Albani volcano.
Reconstructions allow a better definition of the volcanic history of Colli Albani, highlighting the following points: The total preserved volume is 0.9 km 3 . 6. The ignimbrite volume estimates are reliable, and the non-treated calculations of the minimum preserved deposit volumes should be used for any further extrapolation to make more accurate figures of the actual erupted volumes. These may include the evaluation of distal eroded deposits, the volume of intracaldera deposits and the volume of elutriated ash. 7. The Pisolitic Tuffs, the Tufo Lionato ignimbrite and the Albano maar deposits are extensive layers with low permeability. Reconstruction of the base and top maps for these units is therefore essential for modelling of the hydrogeological circulation (see Mazza & Capelli 2010) . and CO 2 ground-flow (see Todesco & Giordano 2010; Carapezza et al. 2010) . Furthermore they identify the volumes most prone to host shallow, pressurized gas pockets. 8. The occurrence of active tectonics (or volcanotectonics) during emplacement of the volcanic succession is well identified by the presence of persistent highs and lows across the major structures of the area, that is, the NE-trending Ardea graben, the NW-trending Pomezia rise and the Pantano Borghese pull-apart basin. A deep N -S-trending trough has been identified to the south of the volcano near Velletri town. A considerable reduction of displacements occurred after 500 ka, when the emplacement of the large Pozzolane Rosse and Pozzolane Nere ignimbrites levelled out the ignimbrite plateau surrounding the central caldera, with the exception of the Ardea graben and the Pantano Borghese pull-apart basin, which show significant displacements of the base of the Tufo Lionato ignimbrite (355 ka).
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